Objective. To investigate the temporal trends in the volume-outcome relationship in coronary artery bypass graft (CABG) surgery in California from 1998 to 2004, and to assess the selection effects on this relationship by using data from periods of voluntary and mandatory hospital reporting. Data Sources. Study Design. The patient was the primary unit of analysis, and in-hospital mortality was the primary outcome. We used hierarchical logistic regression models (generalized linear mixed models) to assess the association of hospital annual volume with hospital mortality while controlling for detailed patient-level covariates in each of the 7 years. Data Collection Methods. All data were systematically collected, reviewed for accuracy, and validated by the State of California's Office of Statewide Health Planning and Development (OSHPD). Principal Findings. We found that during the period of voluntary hospital reporting (1998)(1999)(2000)(2001)(2002), with the exception of 1998, higher volume hospitals had significantly lower risk-adjusted in-hospital mortality rates, on average, than lower volume hospitals (1998 odds ratio [OR] 
remains controversial. First, several recent studies using robust statistical methods and careful risk adjustment have found either minor or insignificant hospital CABG volume-outcome relationships, or no relationship at all (Christiansen and Morris 1997; Shahian et al. 2001; Kalant and Shrier 2004; Peterson et al. 2004) . Second, studies of regionalization policies have been inconclusive regarding their impact on improving care (Vaughan-Sarrazin et al. 2002; Nobilio and Ugolini 2003) . Third, there is some evidence that the observed volume-outcome association may reflect selective referral of patients to high-quality surgeons and hospitals, rather than greater experience leading to improved skills (Luft et al. 1990; Escarce et al. 1999 ).
In addition, the effect of public reporting of CABG surgery performance on the volume-outcome relationship is unknown. In several studies, the publication of CABG surgery quality reports has been associated with reduced CABG mortality (Hannan et al. 1995; Rosenthal, Quinn, and Harper 1997; Romano and Zhou 2004 ) and enhanced quality improvement efforts, particularly for low-quality and low-volume outliers (Bentley and Nash 1998; Rainwater, Romano, and Antonius 1998; Chassin 2002) . Therefore, public performance data may help stimulate standardization of procedures, improved training, acquisition of better equipment, and diffusion of innovation, thereby improving outcomes among low-quality and low-volume outliers and attenuating the volume-outcome relationship. Further, as some of the studies that have reported a significant volume-outcome relationship used data from voluntary reporting programs, selection bias could have contributed to misestimation of the volume effect (Clark 1996; Christian et al. 2003; . For example, the volume-outcome relationship could be overestimated if nonparticipating low-volume hospitals had better than average outcomes or if nonparticipating high-volume hospitals had worse than average outcomes.
The goal of this study was to investigate the volume-outcome relationship for CABG surgery in California from 1998 to 2004, a period during which public reporting of CABG outcomes transitioned from a voluntary basis to a state-mandated program. We analyze data from the California CABG Mortality Reporting Program (CCMRP), a voluntary reporting program with between 68 and 81 participating nonfederal hospitals from 1998 to 2002, and from the California CABG Outcomes Reporting Program (CCORP), a mandatory reporting program with 121 and 120 nonfederal hospitals from 2003 to 2004, respectively. Our objectives were (1) to use hierarchical logistic regression to determine whether hospitals performing more CABG surgeries have lower risk-adjusted mortality than hospitals performing fewer cases, and (2) to assess potential explanations for any change in the magnitude of the volumeoutcome association between the voluntary reporting period (1998) (1999) (2000) (2001) (2002) The data used in this article include 5 years of data from the voluntary CCMRP (1998) (1999) (2000) (2001) (2002) plus the first 2 years of data from the mandatory CCORP program (2003 and 2004) . The data from 1997, the first year of the CCMRP, only included 34 hospitals and were therefore not included in these analyses. Further details on the CCMRP and CCORP reports including specifics on data collection, validation procedures, and statistical methods have been published (Parker et al. 2005a, b) and are available online (http:// www.oshpd.ca.gov/hqad/outcomes/clinical.htm).
Data Elements
CCMRP and CCORP collect patient-level data elements defined by the Society of Thoracic Surgeons (STS) in its National Adult Cardiac Surgery database (Welke et al. 2004) provided hospitals with training sessions and written guidance in the form of a data collection handbook.
Data Quality Review and Verification
The data submitted by each hospital for both the CCMRP and CCORP were systematically reviewed for completeness, data errors, and data discrepancies. The first step was to compare each hospital's specific rates for each data element to the state average. Invalid, missing, and abnormally high-or lowrisk mean values and prevalences were identified. Reports were then generated for each hospital with discrepancies and each of these hospitals was asked to check for possible coding errors. The second step was to link the CCMRP and CCORP data with the State of California's Patient Discharge Data (PDD) to conduct further validation. This matched data set was used to generate additional reports to alert hospitals with apparent discrepancies in the number of isolated CABG surgeries performed or the number of in-hospital deaths.
The relevant hospitals were contacted and asked to check the cases by reviewing medical records. The PDD-CCMRP and PDD-CCORP linkages were also used to verify selected risk factors. Although the selected risk factors reviewed varied between years, they generally included the prevalence of cardiogenic shock, the use of percutaneous transluminal coronary angioplasty, the need for dialysis, myocardial infraction, and whether the surgery was considered a ''salvage'' case. The specific findings of these discrepancy reports and the hospital reconciliations are summarized in the CCMRP and CCORP reports (Parker et al. 2005a, b) . Finally, independent medical record audits were undertaken for the CCORP data, but not the CCMRP data. Details of the audit, the audit results, and subsequent interventions are available in the CCORP report (Parker et al. 2005b ).
Risk Adjustment Model
Multivariable logistic regression models were used to determine the relationship between each of the demographic and preoperative risk factors and the likelihood of in-hospital mortality. Details regarding risk model development are available elsewhere (Parker et al. 2005a, b) . Briefly, the risk models were developed for the CCMRP and CCORP data separately. Table 1 lists the factors used in the risk adjustment compared with the factors included in the STS model and models used by the states of New York, New Jersey, Pennsylvania, and Massachusetts. The coefficients were developed on the patients included in the data sets without any missing variables (more than 89 percent of the cases in both data sets) to ensure that the effects of risk factors were estimated based on the most complete data available. Then, for all patient fields that were incomplete, parameters were imputed using the lowest risk category, so that there were no missing data in any of the seven final data sets (one for each year).
Volume-Outcome Models
To assess the association between annual hospital volume of isolated CABGs and risk-adjusted mortality, annual hospital volume (the only fixed effects hospital-level variable) was specified in three ways. First, we entered annual volume as a continuous variable for each year-specific model. Second, we entered annual volume as a quadratic (linear plus squared term) for each yearspecific model to evaluate a possible curvilinear relation between mortality and volume. Third, we dichotomized volume using two volume thresholds that we selected before any analyses. By this method, hospitals were dichotomized as performing fewer than 250 or at least 250 CABG cases/ year, as well as hospitals performing fewer than 450 or at least 450 cases/year, consistent with previously used volume thresholds (Birkmeyer et al. 2003; Parker et al. 2005a, b) . Of note, a hospital could therefore be categorized as low volume in one year and high volume in another year if the number of CABG procedures crossed the specified volume threshold. Finally, to assess whether other transformations should be considered, for each year as well as for all years combined, we generated scatterplots of observed mortality versus volume and of risk-adjusted mortality versus volume, and produced locally weighted least squares (LOWESS) curves for visual inspection (Cleveland 1979; Royston 1991) .
For data collected during the mandatory reporting program in 2003 and 2004, we conducted separate analyses on the 86 and 85 hospitals, respectively, that had previously reported data during any of the 5 years of the voluntary reporting period (CCMRP). This was done to assess potential explanations for any change in the magnitude of the volume-outcome association between the voluntary reporting period (1998) (1999) (2000) (2001) (2002) and the mandatory reporting period (2003 and 2004) .
Statistical Methods
The CABG volume-outcome relationship was analyzed with a hierarchical logistic regression model (PROC GLIMMIX, SAS, version 9.1) with hospital-specific random intercepts. These models are increasingly used in health services research to analyze multilevel data, such as patient data that are aggregated by hospital (Christiansen and Morris 1997; Shahian et al. 2001) , and provide several theoretical and statistical advantages. These models are more appropriate for using patient data to make inferences at the hospital level by adjusting for the ''clustering'' of patients with similar characteristics (Christiansen and Morris 1997; Shahian et al. 2001) . To aid in the visual inspection of the volume-mortality scatterplots, LOWESS curves were fitted to the data using Stata, version 9.2 (Cleveland 1979; Royston 1991) .
RESULTS
Overall hospital volume and mortality data are presented in Table 2 . During the voluntary reporting program years of 1998, 1999, 2000, 2001, and 2002 , the number of hospitals contributing data were 68, 81, 76, 71, and 70, respectively. During the mandatory program years of 2003 and 2004, the number of hospitals performing CABG surgeries was 121 and 120, respectively. Of these hospitals, 86 and 85, respectively, had previously participated in at least one of the years during the prior voluntary program. The median annual hospital CABG volume generally decreased over the years studied; from its peak in 2000, the median annual hospital CABG volume fell to 120 for all hospitals, and 121 for those 85 hospitals that had previously reported during the voluntary reporting program. Table 3 shows that when hospital volume was entered as a continuous variable, there was a statistically significant association between higher Finally, upon visual inspection of scatterplots and LOWESS curves of observed mortality and hospital volume, and risk-adjusted mortality and hospital volume, we found no evidence of nonlinear associations or evidence to suggest that other transformations or dichotomization thresholds should be considered. Figure 1 shows the scatterplot of risk-adjusted mortality versus annual volume for all years, 1998-2004 . The scatterplots and LOWESS curves for observed mortality and risk-adjusted mortality for individual years are available in the electronic version for publication (Appendices A and B).
DISCUSSION
In California, we found that the hospital volume-outcome relationship for CABG surgery was consistent but small during the years 1998-2002, and that this relationship disappeared in 2003 and 2004. We found that the use of data collected during a voluntary statewide reporting program (1998) (1999) (2000) (2001) (2002) appeared to yield unbiased estimates of the volume effect. That is, when we assessed the volume-outcome relationship for 2003 and 2004, conducting separate analyses on all hospitals as well as those hospitals that had previously participated in the voluntary reporting program, we found similar results. The disappearance of the volume-outcome relationship resulted, in part, from improved risk-adjusted outcomes among lower volume hospitals. It is unknown whether the overall improvement in mortality, especially at low-volume hospitals, during this study period was partially attributable to the state's public reporting of CABG surgery performance data. Low-volume hospitals The policy implications of the volume-outcome association are important. If a clinically significant volume-outcome association exists, then legislators and policy makers should establish minimum volume guidelines and/ or promote the regionalization of such services, as the New York Department of Health has done for many years. More patients would then receive care in higher volume centers, and average quality of care would improve. There are data that support this policy direction. Two large observational studies (Grumbach et al. 1995; Vaughan-Sarrazin et al. 2002 ) have compared outcomes of patients after CABG surgery in areas of high regionalization (e.g., Canada and New York) to areas of low regionalization (e.g., California). These reports have suggested that higher volume centers have lower mortality rates and that areas of high regionalization have better outcomes and less variability in outcomes when compared with areas of low regionalization. However, both of these studies used administrative data, which are inferior in their ability to risk adjust (Wray et al. 1997) . Second, the data used in these analyses were from 1987 -1989 (Grumbach et al. 1995 ) to 1994 -1999 (Vaughan-Sarrazin et al. 2002 when overall CABG surgery mortality was higher and the volumeoutcome association was more pronounced.
Our finding that the volume-outcome relationship has diminished over time is consistent with previous reports (Sowden, Deeks, and Sheldon 1995; Clark 1996; Kalant and Shrier 2004) . In a recent literature review, Kalant and Shrier (2004) found that studies from the 1980s demonstrated that the risk of death after CABG surgery was 3-5 percent less at high-volume centers than at low-volume centers. Studies since 1990, on the other hand, have generally found that the risk of death after CABG surgery is between 0 and 3 percent less at high-volume centers (Kalant and Shrier 2004) . These and other authors suggest that this trend is due to both general advances in medicine and maturation of the CABG procedure (Shahian and Normand 2003; Kalant and Shrier 2004) . Peterson et al. (2004) analyzed data from 2000 to 2001 using the STS National Cardiac Database and found only a very small volume-outcome association, corresponding to a reduction in mortality of 0.07 percent for every additional 100 CABG surgeries performed . Birkmeyer et al. 2002 also found a o2 percent difference in adjusted mortality between very low-and very high-volume hospitals performing CABG surgery in a national sample of Medicare patients. The most current data and systematic reviews of the CABG volume-outcome relationship conclude that caution should be exercised to avoid overinterpreting the significant findings of previous studies and that hospital volume may no longer be an adequate quality metric for CABG surgery (Sowden, Deeks, and Sheldon 1995; Sowden and Sheldon 1998; Shahian and Normand 2003; Kalant and Shrier 2004) .
Using databases in which hospitals voluntarily report performance data to estimate the volume-outcome relationship could lead to selection bias. Several analyses reporting significant volume-outcome associations have used such databases (Clark 1996; Christian et al. 2003; Peterson et al. 2004 ). Bias could be introduced if either low-or high-volume hospitals not participating in the voluntary program had worse than average outcomes, resulting in either an under-or overestimation of the volume-outcome relationship, respectively. While other studies have shown that nonparticipating entities tend to have worse outcomes than participating entities (McCormick et al. 2002) , ours is the first study that directly evaluated this potential bias for the CABG surgery volume-outcome relationship. Although we found the hospitals that did not participate in the voluntary program tended to be smaller and have higher observed mortality rates, including them in the full analyses did not significantly change the lack of volume-outcome association during the mandatory reporting program. These previously nonparticipating hospitals had similar risk-adjusted mortality rates in 2003 and 2004 as those previously participating hospitals, on average.
It is also possible that in California, the introduction of a mandatory CABG surgery outcome reporting program stimulated quality improvement efforts, particularly among low-quality outliers. While several studies have suggested that the publication of CABG surgery reports has been associated with reductions in CABG mortality (Hannan et al. 1995; Rosenthal, Quinn, and Harper 1997) and improvements in quality of care (Bentley and Nash 1998; Rainwater, Romano, and Antonius 1998; Chassin 2002) , it is unknown whether the observed reduction in hospital mortality, particularly among hospitals performing fewer than 250 surgeries/year, and the recent lack of a volume-outcome association in California reflects such improvements. Clearly, other factors may have contributed to this temporal finding, including patient selection, standardization of procedures, improved training, better equipment, and diffusion of innovation. Of note is the fact that expected mortality rates remained stable among low-volume hospitals throughout the study period, arguing against the possibility of low-volume hospitals inflating clinical risk factors during the mandatory program. It is also not known whether our findings reflect trends in other states or nationally, or whether they might be limited to states with public reporting programs or those that collect clinical data. Another limitation of our study is that we only examined 7 years of data, and the absence of the volume-outcome association may not be sustained. In addition, relative to other states, California has low-volume CABG centers, and there may be a volume-outcome association above the volumes reflected in the California data. Finally, our risk-adjustment models, although based on detailed clinical data similar to those collected in New York and New Jersey, may have omitted unidentified confounders.
Although many studies have supported the existence of an association between CABG hospital volume and mortality, this association has decreased with time, and in our analyses of the most recent California data, the relationship has disappeared. Our findings, in combination with the findings of other researchers, challenge the proposition that regionalizing services will result in improved quality of care, and raise questions about the validity of the Leapfrog Group's Evidence-based Hospital Referral standards for CABG volume. Other interventions, such as public reporting and collaborative quality improvement, may foster resolution of outcome disparities between low-and high-volume hospitals. Future analyses are clearly warranted to investigate whether the volume outcome association still exists for other cardiovascular procedures or in other states that do not impose regionalization.
